Cell polarity, manifested by the localization of proteins to distinct polar plasma membrane domains, is a key prerequisite of multicellular life. In plants, PIN auxin transporters are prominent polarity markers crucial for a plethora of developmental processes. Cell polarity mechanisms in plants are distinct from other eukaryotes and still largely elusive. In particular, how the cell polarities are propagated and maintained following cell division remains unknown. Plant cytokinesis is orchestrated by the cell plate-a transient centrifugally growing endomembrane compartment ultimately forming the cross wall 1 . Trafficking of polar membrane proteins is typically redirected to the cell plate, and these will consequently have opposite polarity in at least one of the daughter cells 2-5 . Here, we provide mechanistic insights into post-cytokinetic re-establishment of cell polarity as manifested by the apical, polar localization of PIN2. We show that the apical domain is defined in a cell-intrinsic manner and that re-establishment of PIN2 localization to this domain requires de novo protein secretion and endocytosis, but not basal-to-apical transcytosis. Furthermore, we identify a PINOID-related kinase WAG1, which phosphorylates PIN2 in vitro 6 and is transcriptionally upregulated specifically in dividing cells, as a crucial regulator of post-cytokinetic PIN2 polarity re-establishment.
variable. However, exact determination of PIN2 polar localization dynamics is difficult using PIN2::PIN2-XFP reporter lines, since the original apical domain is pre-occupied with molecules inherited from the mother cell, conventional microscopy cannot distinguish between adjacent newly formed plasma membranes due to the diffraction limit, and super-resolution techniques are limited in time lapse potentiality and throughput. To overcome these limitations, we expressed PIN2-GFP from the cytokinesis-specific KNOLLE promoter 13 and performed time lapse imaging. This approach enabled us to observe the trafficking fate of molecules synthesized in a narrow time window during and immediately after the cytokinetic event (Fig. 1d ,e and Supplementary Video 2). In recently divided cells, the KN::PIN2-GFP signal could be observed almost exclusively at the cell plate or new plasma membrane, further confirming redirection of secretion to the cell plate during cytokinesis 12 , but also afterwards ( Fig. 1d,e ). At 1-2 hours after cytokinesis, KN::PIN2-GFP signal was still strongest at the newly formed membrane pair but started to appear also at the apical and lateral domains of the upper cell. By 3-5 hours after cytokinesis, the signal clearly localized to the apical domains of both daughter cells, marking completed polarity re-establishment ( Fig. 1e ,f). KN::PIN2-GFP only non-significantly rescued root gravitropism in the pin2 mutant, did not affect the phenotype of Col-0, and its signal intensities at newly formed plasma membranes were comparable with those in a complementing PIN2::PIN2-GFP line ( Supplementary  Fig. 1 ), suggesting that the observed localization was not an overexpression artefact.
Taken together, these results confirm that during and immediately after cytokinesis, virtually all membrane traffic of both daughter cells is redirected to the cell plate 12 , creating a situation in which the lower cell has a correctly, that is apically localized, PIN2, but the upper daughter cell has an ectopic basally localized pool of PIN2, in addition to the apical pool inherited from the mother cell 4 . Therefore, the cell must possess a mechanism to re-establish proper localization of PIN2 and other polar proteins (Fig. 1a) .
In plants, cell fate is determined by positional information conveyed by numerous intercellular signalling molecules 14 . We therefore tested whether tissue context and cell-to-cell signalling is required for re-establishment of cell polarity after cytokinesis. In other developmental contexts, for example during organogenesis or vascularization, auxin itself serves as a polarizing cue for the localization of PIN proteins 15, 16 ; therefore, we first tested whether post-cytokinetic polarity re-establishment is regulated by auxin levels in cells or its directional flow across the tissue. Nonetheless, PIN2 polarity developed normally in KN::PIN2-GFP roots when we exogenously applied the natural auxin indole-3-acetic acid (IAA) ( Supplementary Figs. 2 and 6 ). In plants treated with the auxin transport inhibitor naphthylphthalamic acid (NPA) 17 ,
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To test more generally for a requirement of tissue context, we separated the KN::PIN2-GFP root meristematic and transition zone from, (1) the root tip, (2) the differentiation zone and the rest of the plant or (3) both. The pattern of cell division occurrence and orientation was disturbed as described before 18 but PIN2 polarity reestablishment remained unaffected ( Supplementary Figs. 2 and 6 ), suggesting that this process does not depend on long-range cell-tocell signalling. To address the importance of short-range signalling, we isolated small patches of cells from their neighbours by laser ablation. We could still observe normal re-establishment of apical PIN2 polarity in isolated patches of as few as three cells ( Fig. 2c-e and Supplementary Fig. 6 ), arguing against the influence of shortrange signalling.
Together, these results indicate that while auxin transport and/ or signalling can affect PIN trafficking and polarity, presumably through transcriptional reprogramming 16 , neither polarized auxin flow nor other cell-to-cell signalling pathways are primary cues defining apical-basal polarity in newly divided root cells. Therefore, post-cytokinetic polarity re-establishment must be governed by an unknown cell-intrinsic mechanism instead. We next addressed the cellular machinery that executes PIN2 polarity re-establishment. To test whether the ectopic basal PIN2 molecules were delivered to the apical domain by transcytosis (trafficking-based protein translocation between polar domains) 19 , we created a KN::PIN2-Dendra line, photoconverted newly divided cell pairs and followed them during polarity re-establishment. The apical signal distribution pattern developed in both channels showing contribution of both pre-existing PIN2 molecules (in magenta) and the de novo synthesized PIN2 (in green) ( Fig. 3a,b ). However, after photoconversion, when we photobleached the red signal from the endosomes and all cell sides except the new, cell plate-derived plasma membranes, we did not observe a considerable apical signal in the red channel ( Fig. 3c,d) , which argues against a substantial contribution of basal-to-apical PIN2 transcytosis to polarity establishment in this context. Furthermore, only weak, presumably lateral diffusionbased, redistribution of red signal was observed after photoconversion of the new plasma membrane domain in PIN2::PIN2-Dendra, and the apical signal was not restored in KN::PIN2-GFP cells treated with the translation inhibitor cycloheximide (Supplementary Figs. 3 and 6). Finally, treatment with the ARF GEF inhibitor brefeldin A prevented PIN2 polarity re-establishment of KN::PIN2-GFP in the big3 mutant, where it inhibits secretion 12 , but not in the wild type During cytokinesis, virtually all membrane traffic is redirected to the cell plate 12 , implying that the daughter cells must have a mechanism to re-establish polarity afterwards. b, Both pre-existing (magenta) and newly synthesized (green) pools of PIN2-Dendra localize to the cell plate and newly formed plasma membrane in cells that were photoconverted before the onset of cytokinesis. c, Quantification of b. The graph shows signal intensity at the newly formed plasma membrane 1 h after cytokinesis normalized to the intensity of the neighbouring, old plasma membranes in both red and green channels; higher relative intensity of the green channel confirms predominant contribution of de novo secretion to the cell plate protein pool. The box plot represents median, 1st and 3rd quartile; the whiskers extend to data points < 1. ( Supplementary Figs. 3 and 6 ). Taken together, these data demonstrate that re-establishment of PIN2 apical polarity depends on secretion of de novo synthesized PIN2 molecules but not on their basal-to-apical transcytosis. Ectopic basal and lateral PIN2 molecules need to be removed from the plasma membrane during polarity re-establishment. Polarity of PINs has been linked to their slower lateral diffusion within the plasma membrane 4, [20] [21] [22] . We therefore speculated that higher PIN2 mobility in the new plasma membrane domain might contribute to PIN2 removal and polarity re-establishment and tested this with fluorescence recovery after photobleaching experiments. We did observe slightly higher PIN2 fluorescence recovery after photobleaching rates in the newly formed membranes compared with the old ones; however, the differences were significant only in PIN2::PIN2-GFP, but not in PIN2::PIN2-mCherry ( Supplementary  Fig. 4 ). We therefore conclude that the observed differences reflected differential properties of the fluorophores rather than of the cargo, and that specific lateral diffusion properties probably do not play a major role in PIN2 polarity re-establishment.
A link between clathrin-mediated endocytosis (CME) and PIN polarity 23 , as well as post-cytokinetic PIN2 polarity re-establishment, has previously been proposed 3, 4 . However, strong pleiotropic defects of the mutants used in these studies make it difficult to dissect direct and indirect effects. To re-examine the role of CME in 
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PIN2 polarity re-establishment, we conditionally inhibited endocytosis by inducible overexpression of the putative clathrin-uncoating factor Auxilin-like2 24 . In KN::PIN2-GFP x XVE»AXL2 plants treated with estradiol, most cells completely lost the ability to polarize PIN2 ( Fig. 3f ,h, Supplementary Fig. 6 and Supplementary Video 3), while polarity re-establishment proceeded normally in estradioltreated KN::PIN2-GFP (Fig. 3e ) and mock-treated KN::PIN2-GFP x XVE»AXL2 (data not shown) controls. Inducible overexpression of a dominant-negative version of Dynamin-related protein 1 A (DRP1a) 5 led to the same result (Fig. 3g,h and Supplementary Fig. 6 ), confirming the direct requirement of functional CME for postcytokinetic PIN2 polarity re-establishment.
Multiple approaches have confirmed that (de)phosphorylation of PIN proteins by PINOID (PID) and its homologues WAG1 and WAG2 regulates their apical-basal localization 6, [25] [26] [27] [28] . PIN2 polarity re-establishment in the KN::PIN2 S3A -GFP with three PIDphosphorylated serines S237, S258 and S310 mutated to alanines 6 showed a delay in polarity re-establishment compared with the KN::PIN2-GFP control ( Supplementary Figs. 5 and 6) ; however, introducing KN::PIN2-GFP into the pid wag1 wag2 loss-of-function mutant 6 led to complete PIN2 polarity re-establishment failure (Fig.  4a-c, Supplementary Fig. 6 and Supplementary Video 4). Therefore, PID and WAG kinases mediate PIN2 polarity re-establishment by phosphorylating S237, S258 and S310, but also other PIN2 residues The graph shows the increase in red and green signal intensity at the apical plasma membrane of the upper cell within 1 h following photoconversion and photobleaching. The larger signal increase in the green channel indicates predominant contribution of de novo secretion to polarity re-establishment. n = 13 cells from nine roots in three independent experiments. Arrowheads indicate predominant localization of PIN2-Dendra in the corresponding channel; white, both channels. e,f, Inhibition of endocytosis by estradiol-inducible overexpression of Auxilin-like2 in KN::PIN2-GFP cells caused prolonged residence of signal at the plasma membrane and abolished the cells' ability to re-establish apical PIN2 polarity. g, Apical polarity re-establishment in KN::PIN2 × XVE»DN-DRP1a-mRFP after estradiol treatment. Thanks to patchy expression of the construct (see the last frame), cells with high levels of DN-DRP1a-mRFP that fail to re-establish apical polarity could be seen alongside cells with low levels, where polarity re-establishment proceeded normally. h, Quantitative analysis of e-g. The control is the same as in Fig. 1f . The graph shows mean ± s.d. of three (f), mean of two (g) independent experiments, n indicates the total number of cell pairs. The number of roots/cell pairs analysed in each experiment was 4/29, 6/38 and 3/20 in f and 3/21 and 4/25 in g, respectively. Arrowheads indicate predominant localization of PIN2-GFP. Box plots represent median, 1st and 3rd quartile; the whiskers extend to data points < 1.5 interquartile range away from the 1st or 3rd quartile; all data points are shown as circles. P-values were calculated using two-tailed two-sample t-test with unequal variance. Scale bars, 10 µ m.
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or additional polarity regulators [28] [29] [30] . Notably, analysis of the expression dynamics revealed that the abundance of WAG1 was strongly upregulated specifically in dividing epidermal cells (Fig. 4d,e and Supplementary Video 5).
Together, these results show that the cell cycle-regulated WAG1 and its homologues PID and WAG2 play a key role in PIN2 post-cytokinetic polarity re-establishment, explaining the previously reported pronounced PIN2 polarity defect in the pid wag1 wag2 roots 6 .
PID/WAG kinases have been shown to interact genetically with MEL genes encoding NPH3-like proteins of unknown function 31 . Notably, the membrane-associated MEL proteins co-localize with PINs and polarity of PINs is reduced in higher order mel mutants 31 . This prompted us to analyse the dynamic localization of the MEL1-GFP reporter in dividing epidermal cells. We detected MEL1-GFP localization at the apical plasma membrane of the mother cell and in the cytoplasm, but not at the cell plate. MEL1-GFP first appeared at the newly formed apical domain not before 30 minutes after cell division (Fig. 4f ), presumably after it had lost cell plate and acquired plasma membrane identity. This localization pattern is a manifestation of the cell-intrinsic polarity cue inherited from the mother cell during cytokinesis and defining the apical domain of the daughter cell.
Maintenance of individual cell polarities over repeated rounds of cell division is crucial for tissue polarity and proper development in multicellular organisms. We show here that redefinition of the root epidermal cell apical-basal polarity after cell division is achieved in a cell-intrinsic manner. Subsequent PIN2 polarity re-establishment requires de novo protein secretion, CME and the activity of cell cycle-regulated WAG1 and related AGCVIII kinases. On the other hand, our detailed analysis does not support a major contribution of basal-to-apical transcytosis to reestablishment of PIN2 polarity. Based on our findings, we propose the following model: (1) During cytokinesis and in the first hour thereafter, PIN2 targeting is redirected to the cell plate along with most endomembrane traffic; 12 (2) PIN2 molecules localized ectopically to the basal side of the upper cell must be endocytosed, but are gradually turned over rather than being transcytosed to the apical side; and (3) During cytokinesis, WAG1 kinase is transcriptionally upregulated and together with its homologues is required for re-establishment of PIN2 localization to the apical plasma membrane, which is marked by the presence of MEL proteins. It remains a challenge for future investigations to elucidate the precise molecular machinery responsible for differential endocytosis rates between the apical and other plasma membrane domains, and to uncover the nature of the cell-intrinsic polarity cue responsible for proper redefinition of apical-basal polarity of newly divided cells.
Methods
Plant material and growth conditions. Seeds were surface sterilized by chlorine vapour, sown on ½ MurashigeSkoog medium supplemented with 1% sucrose and 1% agar and grown in vitro under long day conditions. The transgenic lines PIN2::PIN2-Dendra 32 , PIN2::nls-GFP 32 , PIN2::PIN2-GFP 8 , PIN2::PIN2-mCherry 32 and WAG1::WAG1-GFP 6 were described previously. The lines PIN2::Dendra-PIP1;4, KN::PIN2-GFP, KN::PIN2-Dendra, KN::PIN2 S3A -GFP and MEL1::MEL1-GFP were generated by transformation of the respective constructs into Col-0 by the floral dip method 33 . KN::PIN2-GFP was introduced into the eir1-1 34 , XVE»AXL2 24 , pid wag1 wag2 6 , big3 12 and XVE»DN-DRP1a-mRFP 5 backgrounds by genetic crossing. In the case of KN::PIN2-GFP x pid wag1 wag2, pid ± wag1 wag2 plants were used for the cross. pid ± plants were identified by PCR-based genotyping in F1 and F2 generations, and seedlings were selected based on the no cotyledon phenotype from an F3 KN::PIN2-GFP + x pid ± wag1 −/− wag2 −/− line for the experiments. Due to high levels of XVE»DN-DRP1a-mRFP silencing, the construct was retransformed in our laboratory, T1 plants were used for the cross and the resulting F1/T2 plants were used for the experiments.
Molecular cloning. All cloning was performed using the Gateway Technology (Invitrogen). To generate KN::PIN2-GFP, a promoter fragment 1 kilobase (kb) upstream of the KNOLLE (At1g08560) start codon was cloned into pDONR P4-P1r, the PIN2-GFP coding sequence was cloned into pDONR 221 and both entry clones were recombined into the binary vector pB7m24GW,3. KN::PIN2-Dendra was generated analogically. To introduce S3A mutations into the PIN2-GFP sequence, an N-terminal PIN2 fragment containing the three mutations was amplified from the PIN:: PIN2 S3A -Venus line genomic DNA 6 , fused to a C-terminal fragment containing the GFP tag by overlap PCR, and cloned into pDONR 221, which was used to generate KN::PIN2 S3A -GFP. For MEL1::MEL1-GFP, a 2.9 kb fragment upstream of the MEL1 (At4g37590) start codon was cloned into pDONR P4-P1r, the MEL1 coding sequence without a stop codon into pDONR 221 and the EGFP coding sequence into pDONR P2r-P3. All three entry clones were then 
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NATure PlANTs recombined into pH7m34GW,0. PIN2::Dendra-PIP1;4 was generated analogically by recombining the 1,397 base pair (bp) PIN2 promoter in pDONR P4-P1r, the Dendra coding sequence without a stop codon in pDONR 221 and the PIP1;4 coding sequence in pDONR P2r-P3 into pB7m34GW,0. Sequences of all primers used can be found in Supplementary Table 1 .
Imaging and image analysis. Four-day-old seedlings were mounted on a slice of growth medium, containing the respective chemicals in case of pharmacological experiments, placed into a chambered coverslip (Lab-Tek) and imaged with Zeiss LSM700, LSM800 or LSM880 inverted confocal microscopes; long time lapse imaging was performed using a vertically oriented LSM700 microscope as described previously 35 . To apply chemical treatments, the respective amount of compound stock solution was predissolved in 100 µ l H 2 O, pipetted on to a slice of growth medium and incubated for 1-2 h at room temperature to diffuse. The seedlings were then transferred into a chambered coverslip (Lab-Tek), covered with the treatment-including medium and imaged, in the case of inhibitors together with a mock control containing only the solvent. In tissue context disruption experiments, roots mounted on growth medium were cut manually with a razor blade under a stereomicroscope. Individual cells were ablated with a 355 nm pulsed laser at a Zeiss Observer inverted microscope equipped with an Andor iXon 897 Spinning Disk system, propidium iodide was used to mark the ablated cells. Dendra photoconversion was performed as described previously 36 . Images were handled and analysed with FIJI 37 and Adobe Photoshop. All KN::PIN2-GFP time lapse data are presented as maximum intensity projections of a Z stack.
Phenotypic analysis.
Plates with four-day-old light-grown seedlings were scanned on an Epson Perfection V700 flatbed scanner and root vertical growth index was measured as described previously 38 . 
Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted Our web collection on statistics for biologists may be useful.
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Policy information about availability of computer code
Data collection
The TipTracker script that was used to collect data was described previously (von Wangenheim et For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
